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Effects of renal artery occlusion on kidney function in the rat.
The left renal artery of anesthetized rats was completely occluded
for one hour. Kidney function after restoration of blood flow
was studied using clearance and micropuncture techniques.
Whole kidney inulin clearance was decreased to 10% of normal
after artery occlusion, and fluid reabsorption was markedly de-
pressed. Single nephron glomerular filtration rate (SNGFR),
measured by free-flow collection from superficial proximal
tubules, was 22 8.2 (SD) ni/mm (N= 32) after ischemia versus
30±5.8 (N=38) in normal kidneys. Fluid reabsorption,
measured with the split-droplet technique, was decreased to
63% of normal after one hour of artery occlusion. Intraluminal
serum albumin (5 g/100 ml) had no effect on fluid reabsorption
in ischemia-damaged kidneys. Tubular leakiness to inulin was
demonstrated by microinjection of '4C-inulin solutions into
single proximal tubules. The dilated appearance of superficial
proximal tubules, increased proximal tubule hydrostatic pres-
sure, and slow movement of dye down some nephrons suggest
obstruction. In this model of acute renal failure, renal insuffi-
ciency appears to be primarily due to tubular leakiness and
obstruction.
Effets de l'occlusion de l'artère rénale sur Ia fonction du rein
chez le rat. L'artère rénale gauche de rats anesthésiés a été com-
plétement occluse pendant 1 heure. Après Ia restauration du
debit sanguin Ia fonction du rein a etC CtudiCe par les techniques
de clearance et de microponctions. La clearance globale de
l'inuline est diminuCe a 10% des valeurs normales après l'occlu-
sion et Ia reabsorption d'eau est considérablement diminuCe. Le
debit de filtration individuel des nCphrons, mesurC par Ia collec-
tion en flux libre dans des tubes proximaux superficiels est de
22±8,2 (SD) ni/mm (N=32) apres l'ischémie et de 30±5,8 (N=
38) dans Jes reins normaux. La reabsorption d'eau, mesurée par
Ia technique de Ia split-droplet, est diminuCe a 63% des valeurs
normales aprCs une occlusion d'une heure. La serum albumine
intraluminale (5 g/100 ml) n'a pas d'effets sur Ia reabsorption
d'eau dans les reins lCsCs par l'ischCmie. La perméabilite tubu-
laire a l'inuline a etC démontrée par des micro injections de
solutions d'inuline-'4C dans des tubes proximaux. L'aspect
dilate des tubes proximaux superficiels, l'augmentation de Ia
pression hydrostatique tubulaire proximale et Ia lenteur du
transit d'un colorant Ic long de certains nCphrons suggerent une
obstruction. Dans cc modCle d'insuffisance rCnale aiguë le
deficit de Ia fonction rCnale parait Ctre lie principalement a Ia
permdabilité et a l'obstruction tubulaires.
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A decrease in renal blood flow, especially if very
severe and prolonged, may lead to acute renal failure
[1, 2]. The factors which cause defective renal function
after an ischemic insult are poorly understood. The
relative roles of glomerular and tubular insufficiency
are controversial [3—5].
The purpose of the present study was to characterize
the functional defects in ischemia-damaged kidneys.
Severe renal ischemia was produced by clamping the
left renal artery of rats for one or two hours. Kidney
function was studied after releasing the clamp using
clearance and micropuncture techniques. In the rat,
more than 30 minutes of ischemia leads to extensive
cell necrosis [6, 7]. One hour of ischemia results in
acute renal failure and a mortality of 13 to 25% [8, 9].
Two hours of ischemia results in severe, irreversible
kidney damage, and a mortality of l00% [8, 9]. Many
other authors have studied the effects of temporary,
complete ischemia in the rat [6—13], rabbit [14] and
dog [15—18]. In man temporary artery occlusion is a
necessary procedure during renal transplantation.
We found that whole kidney inulin clearance and
fractional water reabsorption in the rat were markedly
depressed after one or two hours of renal artery
occlusion. By contrast, single nephron inulin clearance
and water reabsorption, measured in superficial
proximal tubules, were only moderately decreased.
The data suggest that tubular factors (leakiness to
inulin, obstruction) are primarily responsible for per-
sistent renal insufficiency in this model of acute renal
failure.
Methods
Female Wistar rats were deprived overnight of food,
but not water. They were anesthetized with mactin,
10 mg/100 g of body weight, intraperitoneally. The
animals were placed on a heated micropuncture table,
and temperature, determined rectally, was kept close
to 37°C. Surgical procedures included a tracheotomy,
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cannulation of a femoral artery and vein, and ex-
posure of the left kidney by a flank incision. After the
kidney was freed from perirenal fat, it was supported
by a micropuncture dish, and covered with warm
(37°C) light mineral oil. The ureter was cannulated
with polyethylene tubing (PE 50) or a short (e.g.,
2 cm) length of PE 10 inserted into PE 50. Blood
pressure was recorded from the femoral artery with a
pressure transducer (Statham P23Db) and a recorder
(Sanborn 150). During surgery the rat was given 1 ml
of 0.9% NaCI intravenously. To estimate glomerular
filtration rate (GFR), we gave a priming dose of l0%
polyfructosan (PFS, Laevosan Company, Linz, Aus-
tria) in 0.9% NaCL (0.2 ml/l00 g of body weight),
followed by a maintenance infusion of the same solu-
tion at 0.02 mI/mm. Timed urine samples were col-
lected under oil, and urine volumes were estimated by
weighing. Arterial blood samples (0.2 ml) were usually
taken at the midpoint of urine collection periods, and
were replaced with an equal volume of 0.9% NaCl. At
the end of most experiments, both kidneys were
excised and weighed.
In experiments in which the renal artery was occlu-
ded, after control clearance measurements we in-
jected 10 units of heparin/100 g of body weight,
intravenously. Then the left renal artery was com-
pletely occluded by a small bulldog clamp for one or
two hours. In some experiments, the renal artery was
carefully dissected from the renal vein before clamp-
ing. In most, the artery was not dissected from the
vein, but could be occluded under microscopic
observation without occluding the vein. Complete
occlusion of the artery was confirmed by 1) rapid
blanching of the kidney, 2) collapse of all surface
tubules and absence of surface blood flow, 3) absence
of a visible pulse beyond the clamp and 4) absence of
urine flow. Occasionally, 0.05 ml of 5% lissamine
green in 0.9% NaCI was rapidly injected intravenously
during clamping, and the dye did not appear in the
kidney. During clamping, the kidney was covered with
a piece of lens paper dipped in mineral oil, and the
kidney surface was flushed with moistened 100% N2
(Po2 < 1 mm Hg). Clearance and micropuncture mea-
surements were started one-half hour after release of
the artery clamp and continued for another two to
three hours.
The procedures just described were used in four
series of experiments.
1) Single nephron glomerular filtration rate (SNGFR)
experiments. To measure SNGFR and fluid reabsorp-
tion, a priming dose of 12 Ci of inulin-14C-carboxyl
(New England Nuclear, 2.5 to 3.5 mCi/g) was followed
by a continuous intravenous infusion of 36 tCi/hr.
Samples of tubule fluid were collected from superficial
proximal tubules using a micromanipulator (Leitz),
mercury leveling bulb, and sharpened, 8 tip di-
ameter, micropipettes. A droplet of Sudan black-
stained heavy mineral oil, several tubule diameters in
length, was first injected into the tubule lumen. To
start the collection, suction was briefly applied by
lowering the leveling bulb. Then the leveling bulb was
raised above the level of the pipette tip, and tubule
fluid was allowed to flow spontaneously into the
pipette. During fluid collection, care was taken to
avoid narrowing of the tubule or movement of the oil
block. Collections lasted five to six minutes. The vol-
ume of the tubule fluid sample was determined as
previously described [19].
Tubule puncture sites were localized by the neo-
prene cast method. Puncture sites are expressed as
percent of proximal convoluted tubule (PCT) length.
Zero % corresponds to the beginning of the tubule,
and 100% to the beginning of the straight descending
part (pars recta) of the proximal tubule.
The SNGFR was calculated as the product of the
tubule fluid/plasma inulin ratio (TF/P11) times the
rate of tubule fluid collection. The rate of tubular
water reabsorption is equal to the difference between
the rate of filtration of water (SNGFR x 0.93) minus
the collection rate. The factor 0.93 is a correction for
the water content of plasma.
The SNGFR and fluid reabsorption were measured
in seven normal (control) rats, and in another seven
rats after one hour of renal artery occlusion. In the
ischemia experiments, the 14C-inulin infusion was not
started until after the artery was clamped.
2) Split-droplet experiments. The split-oil droplet
technique of Gertz [20] was used to measure fluid re-
absorption by single proximal tubules. Superficial
tubules were punctured with a 12 tip diameter
double-barreled micropipette. One barrel contained
Sudan black-stained castor oil, and the second barrel
either a) 0.9% NaCl or b) 5 g/l00 ml of bovine serum
albumin in 0.9% NaCl. The albumin was Pentex,
fraction V (Miles Laboratories, Kankakee, Illinois).
The albumin pipette tip was often blocked with a
small droplet of castor oil to prevent contamination
with tubule fluid [21]. No such precaution was taken
when the pipette contained 0.9% NaCI. In this in-
stance, we frequently used tubule fluid for the split-
droplet measurement.
The shrinking droplets were photographed at
four-second intervals using an interval controller,
flash unit, camera with motor drive (Nikon F), and
high speed film (Ektachrome). Sequences were
started within ten seconds after injection of the fluid
column. Three photographs of the shrinking drop
were taken, so that the entire sequence was completed
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within 18 seconds after fluid injection. The slides were
projected onto paper, and the distance between oil
menisci was measured. Only sequences in which the
initial distance between the menisci was greater than
50 i.were analyzed. Tubule radius was calculated from
the average diameter of the oil columns on either side
of the fluid column. One tubule diameter was added to
the distance between the menisci [22, 23]. The slope
of the least squares regression line for log distance
versus time was calculated using a computer (Olivetti
Programma 101). Fluid reabsorption per unit time
and tubule surface area (JVa) is equal to 0.347 x r/T
[22, 23], where r is the tubule radius, and T is the
reabsorptive t value.
Split-droplet measurements were done in 12 normal
rats, 10 rats after one hour of renal artery occlusion,
and 5 rats after two hours of renal artery occlusion.
3) Microinjection experiments. Inulin-'4C was micro-
injected into single proximal tubules, and recovery in
the urine of the radioisotope was measured. The
microinjection solution was made up by dissolving 5
to 6 mg of 14C-inulin (3.4 PCi/mg) in 0.1 ml of 140 mri
NaC1, 10 mi NaHCO3, 5 mi KC1, 2 mri CaC12, and
0.25 g/100 ml of lissamine green. About 2 nl of this
solution, pipetted with a volumetric pipette, was taken
up into a 4 to 6 tip diameter puncture pipette. After
puncture, the small oil droplet at the tip of the pipette,
which was used to prevent loss or evaporation of the
inulin solution, was sucked into the pipette by the
brief aspiration of tubule fluid. The solution was in-
jected over several minutes into the lumen of a super-
ficial tubule. The injection of oil into the tubule was
carefully avoided. Since the solution was colored, flow
of fluid down the nephron could be observed visually,
and retrograde flow or gross leaks could be detected.
Urine was collected from left and right ureters separa-
tely into weighed scintillation vials. Collections were
made before each injection, during the injection, and
for 45 minutes after ending the injection. Collection
periods lasted 5 to 15 minutes. Urine flow was calcu-
lated from the urine weight divided by collection
time. To minimize urine dead space effects, a modest
diuresis was induced by intravenous infusion of 5%
mannitol in 5% PFS—0.9% NaCI at 0.04 ml/min. In
the artery occlusion experiments, the mannitol in-
fusion was started after the renal artery was clamped.
In a few experiments, 0.3 ml of 20% mannitol was
injected intravenously about 15 minutes after the
microinjection in order to increase urine flow. Puncture
sites were localized from neoprene casts.
In four rats after temporary renal artery occlusion,
intratubular pressure was monitored during the
micro-injection by the use of a pressure transducer
(Kulite) [24]. The pressure measuring pipette (tip
diameter, 8 ) was filled with 1% lissamine green in
0.9% NaCl. A proximal tubule was punctured with the
pressure-measuring pipette and a small amount of
lissamine green injected by warming the pressure
assembly. In this manner, loops belonging to the same
nephron were identified. The microinjection pipette
was inserted at least one loop downstream. Pressures
in other uninjected tubules were also measured.
Microinjections were done in 4 normal kidneys, and
in 11 kidneys after one hour of renal artery occlusion.
in the latter group, only one or two microinjections
were done per animal, and injections were spaced at
least one hour apart. This precaution was taken since
in some cases tubule leakage of inulin contaminated
the animal.
In three rats in which the left renal artery had been
occluded for one hour, we injected a known amount of
'4C-inulin intravenously and measured the excretion
of radioisotope by both kidneys over a 45-minute
period
4) Creatinine clearance experiments. In eight rats,
simultaneous clearances of creatinine and '4C-inulin
were measured before and after renal artery occlusion.
An intravenously administered priming dose of 4 g/l00
ml of creatinine and 0.75 Ci/ml of 14C-inulin in 0.9%
NaCl (0.2 ml/lOO g of body weight) was given at least
one hour before urine collections and was followed by a
maintenance infusion of the same solution at 0.02 ml!
mm. After three control clearance periods, the renal
artery was completely occluded for one hour. The
maintenance infusion was usually diluted 1:1 with
0.9% NaCI and continued at 0.02 mI/mm. Beginning
one-half hour after the renal artery occlusion was
released, at least three more clearance periods were
collected.
Analyses. Plasma and urine samples were analyzed
for PFS by an anthrone method [25], for creatinine by
an alkaline picrate method [26], and for sodium by
atomic absorption spectrophotometry. Inulin-'4C in
tubule fluid, plasma, and urine samples was assayed
using a liquid scintillation spectrometer (Packard
Tri-Carb). The scintillation fluid contained 5 g of
PPO, 200 mg of POPOP, 1 liter of toluene, and 100 to
200 ml of Biosolv BBS—3 (Beckman, Fullerton, Cali-
fornia). Corrections for quenching, determined by
internal or external standards, were usually negligible.
Data are presented as mean 1 SD (number of
observations in parentheses). Statistical comparisons
were determined by the t test after a preliminary test for
homogeneity of variances.
Results
The kidney became swollen after renal artery
occlusion and release. In 17 control (no artery occlu-
380 Tanner et a!
sion) experiments, left/right kidney weight averaged
0.95 0.07. This agrees with the findings of MacKay
and MacKay [27], who reported that the left kidney is
lighter than the right in female albino rats. After one
hour ischemia, left (ischemic)/right (normal) kidney
weight averaged 1.13 0.13 (N=24), and after two
hours of ischemia 1.15±0.05 (N=5). These data
demonstrate that the left kidney becomes significantly
(P <0.001) heavier than normal after temporary renal
artery occlusion.
As seen under the microscope in vivo, most of the
proximal tubule lumens were widely dilated after
ischemia. Only rarely did we see narrow or collapsed
tubules after one hour of ischemia, and in these in-
stances only a few percent of the surface nephrons were
involved. After two hours of ischemia, collapsed
tubules were more frequently seen (perhaps 10% of
the nephron population at most). In one experiment in
which the renal artery was temporarily clamped for
five hours, all of the tubules were collapsed. These
results suggest that the fraction of tubules with col-
lapsed lumens increases with the duration of ischemia.
The micropuncture measurements were all done in
tubules with open lumens.
Table 1 summarizes whole kidney clearance mea-
surements in normal and ischemia-damaged kidneys.
Body weights and arterial blood pressures in control
and renal artery occlusion experiments were similar.
Polyfructosan clearance (CpFS), normally equal to
glomerular filtration rate, was decreased to about
10% of normal after one hour of renal artery occlusion.
Even lower PFS clearances (1% of normal) were
observed after two hours of clamping. In the micro-
injection experiments, in which mannitol was infused,
CPFS is significantly (P< 0.05) higher than in the other
two series of experiments in which mannitol was not
administered and saline was infused at a lower rate.
Urine flow rate was usually increased after temporary
renal artery occlusion. Fractional fluid reabsorption,
estimated from the urine/plasma (U/P) PFS ratio,
was depressed after ischemia. The sodium/PFS
clearance ratio, which normally is a measure of the
fraction of filtered sodium excreted, was markedly
elevated after ischemia, suggesting impaired tubular
sodium reabsorption.
The PFS/14C-inulin clearance ratio averaged 0.99
0.035 in seven control animals. This is not significantly
different from unity (P>.0.4), supporting the use of
PFS as a substance to measure GFR [28]. After one
hour of ischemia, the PFS/'4C-inulin ratio averaged
1.05 in six experiments, a value which is only
slightly, but significantly (P <0.01), above unity. In a
seventh rat, after ischemia the PFS/14C-inulin ratio
averaged 1.51. In this rat, urine flow was unusually low
(1 to 2 l.d/min). The PFS was infused both before and
after renal artery occlusion, whereas 14C-inulin
infusion was started only after renal artery clamping.
Inadequate washout of the urinary spaces by newly
formed urine probably accounts for the elevated PFS/
14C-inulin clearance ratio in this experiment.
Table 2 shows a representative experiment in which
free-flow collections of tubule fluid were made after
one hour of renal artery occlusion. The marked de-
crease in whole kidney PFS clearance after ischemia is
apparent. By contrast, SNGFR was only modestly
decreased below normal. There was no relation be-
Table 1. Function in normal kidneys and in kidneys subjected to one or two hours of renal artery occulsion
Condition Body wt,
g
MABP,
mm Hg
CP,
1,J/min/100 g
of body wt
'i',
i,J/min/100 g
of body wt
U/Pp,s CN+/CpFs
SNGFR experiments
normal 182± 17 (7)
1 hr ofischemia 176± 13 (7)
100±8 (7)
95±4 (7)
404±59 (7)
41±35 (7)
2.20±0.82 (7)
5.92±3.13 (7Y'
199±50 (7)
6.5±3.3 (7)°
0.0029±0.0005(3)
0.26±0.09 (3)"
Split-droplet experiments
normal 192±17 (12)
1 hr of ischemia 196±27 (10)
2 hrs of ischemia 201 (5)
102±11(12)
95±9 (10)
94±10(5)
506±94 (12)
30±21 (lO)°
5±4(5)"
2.07±0.86 (12)
6.18±5.08 (10)
2.00±1.23 (5)
272±88 (12)
5.5±2.4(10)"
2.8±0.6 (5)"
0.26±0.04(5)
0.38±0.08 (5)
Microinjection experiments
normal 172±33 (4)
1 hr ofischemia 193±55 (11)
109±11(4)
104±15(11)
462±135(4)
63±41 (11)"
7.28±1.10(4)
8.00±4.45(11)
66.5±21.2(4)
9.4±6.1 (11)b
Abbreviations: MABP= mean arterial blood pressure, C= clearance, PFS.= polyfructosan, V= urine flow rate, U= urine, P= plasma.
"Values are means SD (number of experiments). Data are for the left kidney only.
bDifference from normal tested by t test. P<0.05.
Difference from normal tested by t test. P<0.001.
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Table 2. Effects of one hour of renal artery occlusion on single nephron and whole kidney functioit
Time,
mm
MABP, Puncture TF/PthUIth x SNGFR, V, CPFS, U/Pprs Cprs/CIN_14c
mm Hg site, 0.93 ni/mm ui/mm ui/mm
%PCT
0 anesthetize with 20mg of mactin intraperitoneally
65 priming injection: 0.4 ml of 10% PFS in 0.9% saline; maintenance infusion of same at 0.02 mI/mm
152—162 116 3.11 728 234
162—172 119 3.58 824 231
173 inject 20 units of heparin intravenously
185 clamp renal artery; flush surface with 100% N2
207 priming injection: 0.4 ml of '4C-inulin (25 &Ci/ml), 10% PFS in 0.9% saline; maintenance infusion of
same at 0.02 mI/mm
245 release renal artery clamp
295_300b 109 77 1.42 20.6 25.0 89 3.55 1.07
340—345 105 14 1.06 19.0 20.3 99 4.86 0.97
394—399 106 18 1.10 20.3 11.0 112 10.2 1.12
4184—424 103 85 1.80 16.9 10.7 108 10.0 1.06
445—450 98 45 1.44 22.7 8.52 101 11.9 1.05
Experiment 6/13/72. 190 g of body weight; rat.b Time of collection of TF sample. Urine specimens were collected for longer periods simultaneously.
tween SNGFR and puncture site. The kidney showed a
diuresis after the clamp was released. Such a diuretic
pattern was typical of the majority of experiments.
Fig. 1 summarizes single nephron measurements
from seven experiments in normal kidneys and seven
I I I I I I I I I I I I I I I I U20 40 60 80 1000 20 40 60 80 100
Proximal convoluted tubule length, %
Fig. 1. Free-flow measurements of proximal tubule function in
control (normal) rats and rats subjected to one hour of renal
artery occlusion. Each point represents a collection from a
single tubule. SNGFR and fluid reabsorption were normalized
to an average rat body weight of 180g. There was no significant
correlation (P>0.05) between SNGFR and puncture site. The
equations of the least squares lines for log TF/P1, versus
puncture site are y=0.00258x+log 1.00 (r= +0.79, P.<0.01) in
normal kidneys and y=0.00l86x+log 1.07 (r= +0.76, P<0.0l)
after artery occlusion. The equations of the least squares lines
for fluid reabsorption versus puncture site are y=0.106x+ 1.6
(r= +0.63, P<0.01) in normal kidneys and y=0.067x+ 1.3
(r= +0.62, F<0.01) after artery occlusion.
experiments after one hour of renal artery occlusion.
Control SNGFR averaged 30.0 5.8 nl/min (N= 38),
and SNGFR after artery occlusion averaged 21.7
8.2 nI/mm (N= 32). These means are different at the
P <0.001 level. Log TF/PIflUIth and fluid reabsorption
were sigllificantly correlated with distance along the
proximal convoluted tubule in both normal and
ischemia-damaged kidneys. The slopes of the re-
gression lines of log TF/PUljI, or fluid reabsorption
versus puncture site were not statistically different in
ischemia compared to control groups. The data,
however, suggest that fluid reabsorption was reduced
after ischemia. This was confirmed by the split-droplet
experiments.
Table 3 summarizes the results of split-droplet
experiments. Significant (P <0.001) reductions in
fluid reabsorption (Jv) were found after one or two
hours of renal artery occlusion. Compared to control
perfusion with 0.9% NaCI (group 1), Jv, was re-
duced by about 37% after one hour of renal artery
occlusion (group 3), and by about 50% after two
hours of artery occlusion (group 5).
With 5 g/100 ml of serum albumin in intratubular
fluid, there were also significant (P <0.05) reductions
in Jva after ischemia (groups 4 or 6 versus group 2).
Albumin in normal kidney tubules also produced a
modest (17%) but significant (P <0.05) reduction in
fluid reabsorption, in agreement with Persson, Agerup
and Schnermann [21]. In kidneys subjected to ischemia,
fluid reabsorption was not significantly influenced by
the presence of intraluminal albumin.
The split-droplet data after renal artery occlusion
are much more variable than in normal kidneys. This
may reflect a greater degree of nephron heterogeneity
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Table 3. Split-droplet measurements of proximal tubule reabsorptive half-time (t+), radius (r), and fluid
reabsorption (Jva)
Experimental group N t4, r,
sec microns
Jv,
of fluid!1'.2 of tubule
surface area/second
1 normal-saline 23 16.8±5.20 16.0±1.16 0.357±0.099
2 normal-albumin 24 21.4± 5.56 16.9±1.37 0.298±0.115
3 1 hr ischemia-saline 28 31.5 20.9 16.0±1.68 0.225 0.093
4 1 hr ischemia-albumin 25 31.3±14.7 17.7± 1.79 0.230±0.085
5 2 hr ischemia-saline 22 60.7±83.6 17.2±1.24 0.177±0.100
6 2 hr ischemia-albumin 22 29.9±12.9 16.7 1.59 0.227 0.093
Values are means sn.
Group comparisons by repeated t tests
P values
r JVa
group 1 v 3 <0.01 NS <0.001
1 v 5 <0.05 <0.01 <0.001
3v5 NS <0.01 NS
2 v 4 <0.01 <0.05 <0.05
2v6 <0.01 NS <0.05
4v6 NS <0.01 NS
1 v2 <0.01 NS <0.05
3v4 NS <0.001 NS
5v6 NS NS NS
in the ischemia-damaged kidney. To see whether an
albumin effect could be demonstrated in a single tubule.
split-droplet measurements with tubule fluid or
5 g/100 ml of albumin were performed in the same
nephron segment. Table 4 demonstrates that intra-
luminal albumin had no effect on fluid reabsorption in
kidneys subjected to ischemia.
Table 5 summarizes results from microinjection
studies with '4C-inulin. In normal kidney tubules,
98.4± 1.6% (N=9) of the microinjected inulin was
recovered from the urine of the injected kidney, and
only 0.6±0.5% (N=9) was excreted by the opposite
kidney. These results indicate that normal kidney
tubules are quite impermeable to inulin.
By contrast, after renal artery occlusion, inulin
recovery from the injected kidney averaged only 36.4
34.4% (N= 17) and from the opposite kidney, 27.3
16.5% (N= 17). The decreased recovery of inulin from
the injected kidney and excretion of inulin by the
uninjected kidney indicates leakage of inulin across an
abnormally permeable tubule epithelium. The variable
recovery of inulin after ischemia (Table 5, Fig. 2) is
remarkable. After some microinjections, urine re-
covery was prompt and quite high (e.g., Fig. 2B). The
colored injection solution was washed downstream
rapidly, and often appeared in more concentrated
form in a surface distal tubule. Another tubule in the
same kidney (e.g., Fig. 2C) might be punctured, and
practically none of the inulin excreted by the injected
kidney. In some such instances, the colored solution
appeared to move downstream slowly, but the dye was
very faint. In other instances, the colored solution re-
mained in the injected tubule for many minutes and
the dye disappeared very slowly. Probably, tubular
leakage and obstruction explain the low '4C-inulin
recoveries.
Fig. 3 shows two of five recordings of intratubular
pressure during microinjection of 14C-inulin. These
two tracings were selected since they show the lowest
(19 mm Hg) and highest (84 mm Hg) tubular pres-
Table 4. Split-droplet measurements of proximal tubule fluid re-
absorption (Jva) in single tubules perfused with normal tubule
fluid or 5% albumin in isotonic saline
Tubule N Jvatubule fluid,
1'.3/1L2/sec
Jva-5% albumin,
p3/lz2/sec
1 hour of ischemia
1 0.29 0.27
2 0.26 0.24, 0.34
3 0.36 0.42, 0.27, 0.34
4 0.24 0.32, 0.20
5 0.23, 0.11 0.10
6 0.08 0.08
2 hours of ischemia
7 0.16, 0.44 0.35
8 0.16 0.09
9 0.23 0.22
10 0.11, 0.14 0.21
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Table 5. Urine recovery of '4C-inulin microinjected into single proximal tubules of left kidney
Exp. Puncture
No. site,
%PCT Recovery,
Left kidney Right kidney
'i', CPFS, Recovery, '1, CPFS,
% d/min IJ.l/min % J/min sl/min
Normal kidneys
1 32 96.8 8.4 535 1.3 9.7 568
100 99.6 10.3 459 0.5 11.4 490
95 99.6 10.9 426 0.8 12.5 465
2 — 97.9 11.9 776 0.3 11.2 704
— 99.9 14.1 723 0.0 12.9 698
— 97.0 12.9 666 0.0 13.0 678
3 66 100.0 12.0 1007 0.5 12.3 1020
58 99.2 12.1 1070 1.1 12.6 1110
4 30 95.8 11.8 966 0.9 23.2 1165
Mean 98.4 11.6 736 0.6 13.2 766
1.6 1.6 239 0.5 3.9 266
After 1 hr of left renal artery occlusion
5 30 58.6 12.7 173 21.5 23.0 695
50 16.0 13.8 173 43.0 18.0 695
6 16 13.2 13.3 224 34.4 19.7 691
82 24.3 16.3 224 41.0 18.9 691
7 50 82.8 15.9 154 9.9 21.3 922
30 4.4 11.6 154 27.2 23.4 947
8 78 7.2 54.8 180 20.2 22.1 658
100 99.9 31.0 210 13.2 26.4 721
9 — 83.3 10.6 64 0.0 16.5 826
28 57.6 13.9 106 15.6 18.2 771
10 60 9.5 6.1 29 25.1 24.1 762
11 90 70.6 7.7 110 21.3 31.6 793
12 50 2.9 19.3 138 30.3 21.1 1099
85 66.2 10.0 89 18,8 19.8 1174
13 36 20.3 19.6 174 48.6 18.4 1194
14 35 1.3 13.0 26 24.7 30.8 1030
15 60 1.5 7.3 30 69.7 34.5 652
Mean 36.4 16.3 133 27.3 22.8 842
34.4 11.5 67 16.5 5.2 184
sures prior to injection. In no case was intratubular
pressure detectably increased by the slow injection of
'4C-inulin solution. In the first injection (Fig. 3A or
Table 5, Exp. 12, second injection), urine recovery of
14C-inulin from the injected kidney was 66%; in the
second injection (Fig. 3B or Table 5, Exp. 14), re-
covery was I .3%. It is likely that the latter tubule was
obstructed. This would explain the high intratubular
pressure and low inulin recovery. A relatively low
intratubular pressure was also sometimes associated
with a low inulin recovery.
In 23 measurements in four animals, proximal tubule
pressure averaged 46± 19 mm Hg.
In three rats, in which the left renal artery had been
occluded for one hour, a measured quantity of 14C-
inulin was injected intravenously. Urine recovery in a
A B C
,0
S4o
0,
c)Fig. 2. Excretion of 14C-inulin from
injected left kidney. The arrows indicate
time of microinjection. B and C are
results from one kidney, and demon-
strate the variable recovery of inulin
from different tubules after ischemia.
Note the expanded ordinate in C.
20 40 60
Minutes Minutes Minutes
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45-minute period after injection averaged 6.5 4.2%
from the left (ischemic) kidney and 55.3 2.4% from
the right (normal) kidney. These results suggest that
if an injected tubule were obstructed and grossly
leaky to inulin, about 6.5% of the inulin might be
excreted by the injected kidney. Excretion would be
due to filtration by other nephrons of inulin which had
entered the circulation, and would not represent direct
recovery from the injected tubule. Some of the low
recoveries from the left kidney in Table 5 may reflect
this mechanism. Forty-five minutes after an injection,
as much as 38% of the 14C-inulin remains in the
animal. Thus, results from a second microinjection
may be affected by the first. Contamination is greater
for the normal right kidney because of its higher
filtration rate. In a couple of experiments where a
second microinjection followed a microinjection which
had a low urine recovery (Exp. 6 and 8, Table 5), urine
recovery from the second microinjection is somewhat
artifactually elevated.
In eight rats, simultaneous creatinine/'4C-inulin
clearance ratios before renal artery occlusion averaged
0.96 0.04, and after one hour of temporary artery
occlusion, 0.79 0.07. A paired t test revealed that
these means are significantly different (P <0.001).
The decreased clearance of creatinine compared to
inulin after ischemia suggests back-diffusion of the
smaller creatinine molecule. These experiments sup-
port the results of the microinjection experiments
since they suggest abnormally leaky kidney tubules.
Discussion
One hour of temporary renal artery occlusion in the
rat produces acute renal failure. Whole kidney PFS
(or inulin) clearance is markedly decreased, the urine!
plasma PFS is depressed, and the sodium/PFS
clearance ratio is elevated (Table 1). These departures
from normal closely resemble the functional defects
seen in acute renal failure in man [3, 4].
In the rat, we usually found an increase in urine
flow rate after ischemia, in agreement with the findings
of Finckh [11]. In man a decreased urine flow rate
(oliguria) has been classically associated with the first
stage of acute renal failure [3, 4], but many patients do
not show an oliguric stage [29]. Also, our measure-
ments in the rat were made immediately after an
ischemic insult, and in man urine flow at this time may
go unnoticed.
Glomerular filtration after ischemia. The decreased
whole kidney GFR, suggested by the very low inulin
clearance, is probably the most significant functional
defect in acute renal failure. In considering our GFR
data, two questions arise. First, why is whole kidney
inulin clearance decreased to 10% of normal after
temporary ischemia? Second, how can the very low
whole kidney inulin clearance be reconciled with an
inulin clearance in superficial nephrons which was 70%
of normal? As discussed in the following, both ques-
tions can be best answered by leakiness and obstruction
of the kidney tubules. Other factors may also play a
minor role.
Abnormal tubular leakiness to inulin after tem-
porary ischemia is indicated by results from our micro-
injection studies (Table 5). The low direct recovery of
inulin from the injected kidney (average, 36%) may
reflect both leakiness and obstruction. Obviously, an
obstructed tubule will not excrete the injected inulin.
The excretion of inulin by the uninjected normal right
kidney is clear evidence that inulin left the tubule
lumen and entered the circulation. A rough calculation
of the magnitude of tubular inulin reabsorption may
be made. In a 45-minute period, 27.3% of the micro-
injected inulin was excreted by the normal right kid-
ney. After intravenous injection of inulin, in a similar
time period, 55.3% was excreted by the normal right
4mrnHg A
oJ*..sFEr1ffijiiji
B 23 4
80
40
I I I I I I
Time, mm
Fig. 3. Proximal tubule pressure recorded
during microinjection of 14C-inulin in two
experiments. At 1 the microinjection
pipette was inserted into the tubule. At 2
tubule fluid was aspirated to release the
oil block at the tip of the injection
pipette. The inulin was microinjected
between 3 and 4. Mean arterial blood
pressure was 93 mm Hg in the top
experiment and 129 mm Hg in the
bottom experiment.
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kidney. Hence, (27.3/55.3) x 100, or about 50%, of
the microinjected inulin was reabsorbed. Such inulin
reabsorption could explain a decrease in inulin clear-
ance to 5O% of normal, but cannot fully explain the
observed decrease in inulin clearance to 10% of
normal.
DiBona et al [30] have cautioned that microinjec-
tions into damaged kidney tubules may produce ab-
normal leakiness if excessive pressures are used. We
were careful to inject a very small volume of fluid over
several minutes. Continuous monitoring of intra-
tubular pressure did not reveal any detectable in-
crease in pressure caused by the injection (Fig. 3).
Hence, we believe that the inulin leakiness demon-
strated is not an artifact.
The decreased creatinine/inulin clearance ratio after
ischemia also indicates increased tubular leakiness.
Creatinine is not secreted in the female rat [311, and
normally is not reabsorbed [32]. Back-diffusion of
creatinine may reflect tubular damage. In addition,
increased intratubular pressure after ischemia may
increase tubule permeability and favor reabsorption of
creatinine [32].
Inulin leakage may partially explain the discrepancy
between single nephron and whole kidney inulin
clearance. Single nephron inulin clearance was meas-
ured by collecting fluid from the proximal convoluted
tubule. If inulin leaks out of more distal segments,
whole kidney clearance will be correspondingly lower.
The observations that inulin concentration rose along
the proximal convoluted tubule and that single neph-
ron inulin clearance did not depend on puncture site
(Table 2, Fig. 1) suggest that the proximal convoluted
tubule is not grossly leaky to inulin. Histological
studies [6, 8, 10, 14] have demonstrated that the distal,
descending portion of the proximal tubule and the
ascending limb of Henle's loop are most severely
damaged by renal ischemia. Also, a high tubule fluid
inulin concentration and long transit-time would favor
back-diffusion of inulin in the distal nephron.
Tubular obstruction probably plays a major role in
renal insufficiency in this model of acute renal failure.
Several authors [1, 8, 11, 14] have reported obstruc-
ting intraluminal casts and cell debris after ischemic
renal damage. Obstruction is usually apparent in the
distal nephron. We have examined histological slides
and microdissected nephrons from ischemia-damaged
kidneys in our experiments, and have confirmed the
presence of luminal obstruction (unpublished observa-
tions).
Tubular obstruction is also suggested by several
other observations. First, after release of the artery
clamp, the urine was sometimes cloudy with casts and
cell debris. Second, in some nephrons, injected oil
droplets or colored solution moved downstream very
slowly. Third, proximal tubules on the kidney surface
appeared dilated after temporary ischemia. Fourth,
intratubular pressure was increased.
Proximal intratubular pressure averaged 46 mm Hg
in four microinjection experiments in which mannitol
was infused at a low rate. We have also found proximal
tubule pressures far above normal in ischemia-dam-
aged kidneys in experiments without mannitol
(unpublished observations). A high tubular pressure
opposes glomerular filtration, and would cause a low
GFR. A key role of obstruction and increased tubular
pressure in explaining the low GFR after ischemia is
highlighted by findings of Allison, Lipham and
Gottschalk [33]. These investigators measured the
stop-flow pressure in normal adult rat kidneys and
found an average value of 38 mm Hg. Stop-flow
pressure was measured by obstructing the nephron with
castor oil, and by measuring the intraluminal pressure
upstream to the blockade in an early proximal con-
volution. This pressure will bring glomerular filtration
to a virtual standstill. Our finding of a very high
tubular pressure in the ischemia-damaged kidney
suggests that many tubules are obstructed and that
filtration in these nephrons is quite low.
On the other hand, direct measurements in super-
ficial nephrons after ischemia suggest a considerable
GFR, some 70% of normal. However, venting proxi-
mal to an obstructed tubule segment may exaggerate
the actual GFR. Filtration may actually be quite low
in the nephron prior to collection of tubule fluid.
Considerable controversy has recently surrounded
SNGFR measurements by micropuncture [341. Most
investigators agree that valid measurements under
normal conditions may be made by collecting from
the late proximal convoluted tubule using gentle
aspiration. When intratubular pressure is raised,
however, it is extremely difficult to avoid an artifactual
increase in GFR during tubule fluid collections. One
way to monitor collection rate is to see whether the
tubule diameter changes during the collection. Due
to the distensibility characteristics of the proximal
tubule [35], however, a large fall in pressure may be
accompanied by an undetectable decrease in tubule
diameter, if tubule pressure is high to begin with. The
movement of a distal obstructing oil block is ordinarily
a help in deciding whether collections are too fast or
slow. However, in a nephron which is already ob-
structed downstream, this is of little help. Finally, at
normal tubule pressures, the tubule behaves like a
Starling resistor [36], so that suction does not lead to
a significant fall in pressure upstream and artifactual
increase in GFR. However, the distended tubule may
not behave in this manner. For all these reasons, the
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SNGFR which we measured after ischemia may be too
high.
If SNGFR after ischemia is artifactually elevated
due to venting of tubule fluid, the measured value
(22 nI/mm) might be considered a "potential" rate
of filtration. In other words, it is the GFR which would
occur if tubular obstruction were not present. This
would suggest that glomerular capillary hydrostatic
pressure is rather close to normal after temporary
ischemia.
A minimal value for the actual GFR in superficial
nephrons after ischemia may be calculated from the
rate of proximal fluid reabsorption by these nephrons.
Based on the split-droplet measurements, we calcula-
ted a rate of fluid reabsorption of 5.5 nI/mm per
proximal convoluted tubule (see following). Since
proximal tubule lumens were open, glomerular filtra-
tion must have supplied fluid at this minimal rate.
Otherwise, the tubules would be collapsed. Since there
are about 30,000 nephrons per adult rat kidney [37],
whole kidney GFR would be at least 165 d/min.
Whole kidney PFS clearance averaged only 60 ItI/min in
these split-droplet experiments (Table 1). Hence, these
results suggest that filtration in superficial nephrons
occurred at a rate higher than that predicted from the
whole kidney PFS clearance.
Two factors besides tubular leakiness and obstruc-
tion may contribute to the discrepancy between whole
kidney and single nephron measurements of GFR after
ischemia. These additional factors are in essence
different aspects of the problem of representative
sampling of the kidney nephron population. First,
GFR may be relatively normal in superficial cortical
nephrons and be sharply reduced in the inner cortex,
accounting for a low overall GFR. No data in support
of this idea are available. Summers and Jamison [13]
reported that in the rat after 60 minutes of renal
pedicle occlusion there was no difference in carbon
perfusion of glomeruli in outer and inner cortex.
Second, a potential pitfall of micropuncture tech-
niques in damaged kidneys is that there may be selec-
tion of tubules with wide lumens and good fluid flow
for micropuncture measurements. After one hour of
ischemia, collapsed tubules on the kidney surface
were rare. We did not use these tubules for micro-
puncture. Thus, selection of only open tubules contri-
butes in a minor way to the discrepancy between whole
kidney and single nephron GFR. In only one of the
seven ischemia experiments in which SNGFR was
measured (the one with the very low urine flow rate
mentioned in Results) were collections not made from
some nephrons because of a stagnant oil block. Other-
wise, SNGFR is not exaggerated by rejection of inade-
quate collections.
Tubule fluid reabsorption. The whole kidney clear-
ance data suggest a marked decrease in tubule re-
absorption of salt and water after one hour of artery
occlusion (Table 1). The decreased U/PpFS ratio and
increased Na + /PFS clearance ratio would normally
be interpreted as indicating impaired reabsorption of
water and salt. However, such whole kidney clearance
data may not be reliable when there is tubular leakage
of inulin (or PFS) or tubular obstruction.
Fluid reabsorption in superficial proximal tubules
was modestly decreased after one hour of renal artery
occlusion. Two hours of occlusion, compared to one
hour, did not produce a further, statistically significant,
reduction in reabsorption. Fluid reabsorption was
measured by two independent methods. From the
free-flow collection experiments, and the least squares
lines in Fig. 1, we estimate that fluid reabsorption by
the end of the proximal convoluted tubule was 12.2
nI/mm in normal kidneys and 8.0 nl/min after one
hour of renal artery occlusion. The split-droplet data
can be expressed in the same fashion. From the length
of the proximal convoluted tubule, which averaged
4.08 0.81 mm (N=49), and the tubule radii and fluid
reabsorption per unit of surface area (Jva) in Table 3,
reabsorption per proximal convoluted tubule was
8.0 nl/min in normal kidneys and 5.5 nI/mm after one
hour of ischemia. The absolute magnitudes of fluid
reabsorption calculated from these two different ap-
proaches do not agree perfectly, the split-droplet data
suggesting a lower rate of fluid reabsorption. Other
authors [38] have reported similar results. Nonetheless,
both measurements suggest that one hour of renal
artery occlusion produces a similar (34 to 37%) re-
duction in fluid reabsorption.
During renal artery occlusion, the kidney surface
was flushed with 100% N2. Thus, an oxygen supply
from the kidney surface does not explain why tubule
function was so well preserved during renal artery
occlusion.
The mechanism of fluid reabsorption in the ischemia
damaged kidney is not known. Richards [39] pro-
posed that the colloid osmotic pressure of plasma
proteins in the peritubular capillaries might be the
driving force for fluid reabsorption in the damaged
kidney. To test this possibility, we examined the effect
of intraluminal serum albumin on fluid reabsorption
(Tables 3 and 4). A high intraluminal albumin con-
centration should counteract the colloid osmotic
pressure of the blood. The initial albumin concen-
tration in our split-droplet experiments was 5 g/100 ml
and at the end of a sequence (18 seconds) the albumin
concentration would be as high as 7.8 g/100 ml due to
water reabsorption, assuming a reabsorptive t4 value
of 30 seconds and no loss of albumin. Intraluminal
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albumin did not decrease fluid reabsorption after renal
artery occlusion. It seems unlikely that the lack of an
albumin effect is due to leakage of albumin out of the
tubule. Gross tubule permeability to such a large
molecule as serum albumin is not consistent with the
finding in eight rats that urine protein concentration
was 146±85 mg/lOO ml after one hour of renal artery
occlusion.
Proximal fluid reabsorption after renal artery occlu-
sion, as in the normal kidney, might result from active
solute (sodium) transport. For this to be true, renal
energy metabolism must be rather resistant to ischemia.
After one hour of renal artery occlusion in the rat, 02
consumption by kidney slices is close to normal [7].
Tissue adenosine triphosphate (ATP) concentration
after temporary ischemia is reduced to about one-half
of normal [6]. Ischemic kidneys from dogs show a
similar maintenance of oxidative metabolism [16].
Also, with ischemia, anaerobic metabolic processes are
intensified [17]. Thus, it is possible that in our experi-
ments proximal fluid reabsorption was ultimately sus-
tained by active metabolism.
Comparison with other studies. In recent years, many
micropuncture studies of acute renal failure in rats have
been reported. In these studies renal failure was in-
duced by mercury [30, 40—45], dichromate [43, 46],
glycerol [47], methemoglobin [48, 49], globin [46] or
renal isehemia [12]. The results of these studies are
quite varied. Factors such as hydration state of the
animal, drug dosage and route of administration, and
time of study contribute to this variation. Obviously,
acute renal failure has multiple causes, and the reasons
for renal insufficiency may differ in different experi-
mental and clinical circumstances. The present study
differs from most of the other micropuncture studies
in the manner in which renal failure was induced, and
the reasons for renal insufficiency may be quite
different.
Three explanations for renal insufficiency are usually
considered: a) a reduction in GFR associated with a
decreased renal blood flow, b) increased tubular leaki-
ness and c) tubular obstruction by cellular debris or
compressing interstitial edema [3]. All three factors
probably contribute to persistent functional failure
after an insult to the kidneys. They may differ in
relative importance in different circumstances.
Many studies have suggested that a decrease in
glomerular capillary pressure is the primary cause of
acute renal failure [12, 30, 40, 42, 45—49]. Glomerular
capillary pressure, GFR, and renal blood flow are
reduced by afferent arteriolar vasoconstriction. These
studies often postulate the renin-angiotensin system as
the mechanism causing preglomerular vasoconstric-
tion. The conclusion that glomerular capillary pressure
is decreased is based on reports that tubules are collap-
sed, proximal tubule pressure is normal or decreased
even in the presence of distal obstruction, SNGFR and
tubule fluid flow are diminished, estimated glomeru-
lar capillary hydrostatic pressure is decreased, and
efferent arteriolar pressure is decreased. Decreased
renal cortical blood flow has been reported in experi-
mental renal failure in rats [50] and oliguric patients
[51].
In a micropuncture study of acute renal failure after
renal artery occlusion, Schnermann, Nagel and Thurau
[12] suggested afferent arteriolar constriction as the
cause of renal insufficiency. In the present study, we
found that SNGFR was reduced to 70% of normal
after one hour of ischemia. This reduction may reflect
vasoconstriction. We also found that proximal tubule
pressure was greatly elevated and that the tubules were
leaky to inulin. Hence the reduction in whole kidney
inulin clearance to 10% of normal reflects the addi-
tional operation of tubular abnormalities.
The presence of tubular obstruction in acute renal
failure is a well recognized phenomenon [1, 3, 8, 11,
14, 40, 43, 45—49], but its importance is often con-
sidered to be minor [4, 40, 47, 48]. Several micro-
puncture studies, however, have suggested an im-
portant role for tubular obstruction [43, 45, 46, 49].
Some studies [41, 43, 44] have suggested abnormal
tubular leakiness to dyes and inulin in the mercury
or dichromate-poisoned rat. In the present study,
tubular obstruction and leakiness appear to play a
major role. The increased intratubular pressure, con-
sequent to obstruction, opposes glomerular filtration.
Leakiness to inulin was demonstrated by direct intra-
tubular injection of 14C-inulin.
Leakiness to inulin in the ischemia-damaged kidney
was smallest in those nephrons in which prompt
excretion of microinjected inulin was observed (e.g.,
see Fig. 2B). Such nephrons are not obstructed. Ex-
tensive inulin leakage may occur in obstructed neph-
rons. The coexistence of tubular obstruction and leaki-
ness is not surprising. Since renal epithelial cell debris
probably contributes to tubular obstruction, the dis-
rupted tubule epithelium above the block might be
expected to be leaky. If tubules are blocked, back-
diffusion of inulin would be favored by a slowed
fluid flow and prolonged contact time. Finally, even a
normal tubule becomes permeable to small molecules
(such as creatinine, but not to inulin) when intra-
tubular pressure is raised [32]
Many micropuncture studies of acute renal failure
have reported discrepancies between SNGFR and
whole kidney GFR [41, 43, 45, 46, 49]. For example,
after mercury or dichromate poisoning, Biber et al
[43] found that superficial SNGFR. was essentially
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normal whereas whole kidney GFR was decreased to
25% of normal. Flamenbaum et a! [45] found in rats
poisoned with a low dose of mercury that SNGFR was
80% of normal, when whole kidney GFR was 6% of
normaL These results, as those of the present study,
may be due to unrepresentative sampling of the
nephron population, venting of fluid proximal to an
obstructed segment or back-diffusion of inulin.
The similarity of the present model to acute renal
failure in man is not known. In many respects the
whole kidney defects in the present study resemble
changes which occur in renal failure in man. Ischemia
of the kidneys, as occurs during shock (circulatory
collapse), is considered to be the major cause of acute
renal failure [3, 4]. Our results suggest a major role
for tubular leakiness and obstruction in the early
stages of this disorder.
Several reservations about the present study deserve
comment. First, temporary renal artery occlusion may
not be a good model for the ischemia which occurs
during shock. Renal artery occlusion per se is only
rarely a cause of acute renal failure [52]. Shock is a
complicated insult to the whole animal and differs from
the "pure" ischemia produced by artery occlusion.
Undoubtedly, the method by which ischemia is pro-
duced and the duration and severity of ischemia are
important variables. Second, one hour of temporary
renal artery occlusion in the rat produces extensive
tubular damage, as judged from findings of histological
studies [6, 11]. By contrast, many patients with severe
functional renal failure after shock show minimal
evidence of tubular damage [53]. Finally, the present
study was done immediately after temporary ischemia.
Acute renal failure in patients is usually first recognized
much later, and the defects at this time may be dif-
ferent.
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